Peripheral intravenous catheter failure is a significant concern in the clinical setting. We investigated the effectiveness of care protocols, including an ultrasonographic "pre-scan" for selecting a largediameter vein before catheterization, a "post-scan" for confirming the catheter tip position after catheterization with ultrasonography, and the use of a flexible polyurethane catheter to reduce the mechanical irritation that contributes to the incidence of catheter failure. This intervention study was a non-randomized controlled trial to investigate the effectiveness of the abovementioned care protocols, the effects of which were compared to the outcomes in the control group, which received conventional care. For both groups, participants were selected from patients in two wards at the University of Tokyo in Japan between July and November 2017. Inverse probability score-based weighted methods (IPW) using propensity score were used to estimate the effectiveness of care protocols. The primary outcome was catheter failure, which was defined as accidental and unplanned catheter removal. We used Kaplan-Meier survival curves to compare rates of time until catheter failure. We analysed 189 and 233 catheters in the intervention and control groups, respectively. In the control group, 68 catheters (29.2%) were determined to have failed, whereas, in the intervention group, only 21 catheters (11.1%) failed. There was a significant difference between each group regarding the ratio of catheter failure adjusted according to IPW (p = 0.003). The relative risk reduction of the intervention for catheter failure was 0.60 (95% CI: 0.47-0.71). Care protocols, including assessment of vein diameter, vein depth, and catheter tip location using ultrasound examination for reducing mechanical irritation is a promising method to reduce catheter failure incidence.
catheter failure 7, 16 . Therefore, we focused on mechanical irritation. Weiss et al. have reported many effects on vascular inflammation and thrombus formation caused by catheter mechanical stimulation [17] [18] [19] . Our laboratory also reported that PIVC tip contact with the vessel wall was associated with subcutaneous oedema 20, 21 . These studies suggested that the patient's posture during insertion and fixation could affect thrombus and oedema formation, as mechanical irritation affects the veins and subcutaneous tissue 16, [19] [20] [21] .
Next, we analysed the relationship between vein diameter and catheter failure. Our laboratory analysed vein diameter and calculated the ratios of the vein diameter to catheter gauge under the same conditions as those described previously 22 . The relationship between these ratios and infiltration was assessed to determine a cut-off point. The mean ratio of vein diameter in the infiltration group was significantly smaller than in the no-infiltration group (p < 0.01), and the ratio was an independent risk factor on multivariable analysis. The ratio of 3.3 times was determined to be the cut-off point enabling healthcare providers to identify veins appropriately. For example, if a 22-gauge catheter is selected, a site where vein diameter exceeds 3.0 mm is suitable.
Last, the relationship of the catheter material, angle, and failure was analysed using ultrasonography (US) 23 . This study suggested that a polyurethane catheter was effective in preventing catheter failure due to its softness. Our previous study on the risk factors for phlebitis reported an association between the use of polyurethane catheters and a 30%-50% reduction in phlebitis occurrence compared to after using polytetrafluorethylene (Teflon ® ) catheters [24] [25] [26] . Therefore, in this study we also included the use of a polyurethane catheter.
Our laboratory focused on damage to the vein by mechanical irritation including three parameters, which were the appropriate catheter tip position, vein diameter, and catheter material.
Care bundle approach for preventing catheter failure. Despite numerous randomized controlled trials (RCTs) on PIVC worldwide 27 catheter failure remains unresolved. This may be because intravenous therapy involves multiple steps, including site selection, catheterization, and fixation. Performing one or some of these processes optimally is insufficient. Rather than focusing on the outcomes of each process, it is essential to introduce the outcome of all processes simultaneously. The approach for such interventions is akin to the care bundle approach, which is employed in clinical settings for controlling infection and preventing ventilator-associated pneumonia [28] [29] [30] . A care bundle is defined as a "set of processes, generally three to five, that are proven by RCTs and are performed as a whole to obtain optimal outcomes" 28 . Using a bundle approach to develop care practices for controlling infection and preventing ventilator-associated pneumonia yields positive clinical outcomes 29 . In PIVC infection management, performing multiple intervention has been shown to yield certain positive outcomes 31 , but the care bundle approach has not been reported to prevent catheter failure. In our laboratory, several studies have yielded implications for clinical care. These studies provide evidence for processes such as appropriate selection of puncture site and device and fixation method. We believe that conducting the intervention using bundled concepts is possible, especially when focused on preventing catheter failure by reducing mechanical irritation. In this study, we bundled three points extracted from the analysis of our previous research and called it a "care bundle", that is, a "pre-scan" for selecting a large vein diameter before catheterization, "post-scan" for confirming the catheter tip position after catheterization, and "use of polyurethane catheter, " which is a catheter type with more flexibility.
Aim. This study aimed to establish and evaluate a three-point care bundle intervention method to prevent catheter failure.
Results
Study population. Among 706 eligible catheters, 119 were excluded per the exclusion criteria. A total of 272 and 315 catheters were finally allocated in the interventional and control groups, respectively. In the intervention group, 2, 17, 57, and 11 catheters were excluded due to patient dropout from lack of follow up by the patient moving to another ward, patient condition, inability to perform pre-scan in the patient, and inability to use a polyurethane catheter in the patient, respectively. In the control group, 3 and 79 catheters were excluded due to patient dropout. Finally, we analysed 189 catheter insertions using a pre-scan and post-scan using the appropriate catheter in the intervention group, and 233 catheterizations in the control group (Fig. 1 ). In this study, no adverse events such as unexpected catheter removal or skin problems related to the intervention occurred. The characteristics of participants unadjusted and adjusted using propensity scores are also shown in Table 1 . There were significant differences between the intervention and control groups in present illness (tumour), CRP, albumin, dressing films, level of nurse experience, number of catheterizations catheterization times", and hyperosmotic solutions. These variables showed differences between groups before adjustment but exhibited no difference between groups after adjustment except for number of catheterizations catheterization times. Regarding the number of catheterizations catheterization times, although the difference between the intervention and control groups was less, significant differences between groups remained.
Incidence of catheter failure. The cumulative incidences of catheter failure before adjustment were 68 (29.2%) and 21 catheters (11.1%) in the control and intervention groups, respectively. Catheter failure per 1,000 catheter days was 89.5/1,000 and 35.0/1,000 catheter days in the control and intervention groups, respectively.
There was a significant difference between each group in terms of the ratio of catheter failure adjusted using IPW of propensity score (p = 0.003). The relative risk reduction (RRR) of the intervention for catheter failure was 0.60 (95% CI: 0.47 to 0.71) and the number needed to treat (NNT) was calculated as 6.04 (95% CI: 4.71 to 8.82) adjusted using IPW of propensity score. The same trend was obtained in the analysis by patient (Tab. S1, S2, S3).
Regarding survival analysis, the Kaplan-Meier curves are shown in Fig. 2 . This figure shows a comparison of the intervention and control groups regarding survival time analysis adjusted using IPW of propensity score. There was a significant difference in the log-rank test (p < 0.001) between the two groups.
vention groups were compared. The mean (SD) vein diameter in the control and intervention groups were 2.53 (0.70) and 2.75 (0.77) mm, respectively. The mean (SD) vein depth in the control and intervention groups were 2.21 (0.92) and 2.03 (0.81) mm, respectively. The proportion of appropriate catheter tip position in the control and intervention groups were 45.9% and 68.0%, respectively. Regarding vein diameter, there was a certain trend toward significant difference between the intervention and control groups (p = 0.004), and a trend was found in vein depth (p = 0.051). Regarding catheter tip position, the intervention group had higher rate of appropriate catheter tip position compared with the control group (p < 0.001).
Exploration of risk factors.
Both the intervention and control groups were included in the analysis (n = 422). Table 2 shows all univariate analyses. There were significant differences regarding present illness (tumour), CRP (mg/dL), albumin (mg/dL), number of catheterizations catheterization times, total unused time (locked time), insertion anatomical site, dominant vein, and hyperosmotic solution. Among these candidates, the multicollinearity was evaluated and a correlation was found between hyperosmotic solution and present illness (tumour) and number of catheterizations catheterization times. Moreover, correlation was found between dominant vein and insertion anatomical site and between CRP (mg/dL) and albumin (mg/dL). As a result, hyperosmotic solution, CRP (mg/dL), total unused time (locked time), and insertion anatomical site were entered the multivariate logistic regression. Then, we sequentially introduced groups of variables into the model. First, catheter variables (age, sex, BMI, and care bundle intervention) as confounding factors, then the use of a hyperosmotic" solution, CRP (mg/dL), total unused time (locked time), and insertion anatomical site. This hierarchical multiple logistic regression analysis was performed and illustrated in Table 3 . As a result, care bundle intervention continued to show significant difference in all models (p < 0.01), hyperosmotic solution, CRP (mg/dL), and insertion anatomical site (compared with another site) also showed significant difference (p < 0.01, 0.04, and 0.01). Even if all the variables were input, Hosmer-Lemeshow test showed no significant difference. Table 4 shows the hierarchical multiple logistic regression analysis in the intervention group (n = 270). In model 4, entering "using polyurethane catheter" and "ultrasonography assist" showed significant difference regarding only "ultrasonography assist", and this analysis showed that US assistance was more effective in preventing catheter failure than the use of polyurethane catheter in this study. 
Confirmation of the effect of intervention.
The level of need for nursing (Kangodo) 0.18 0.15 
Discussion
New findings. To the best of our knowledge, this is the first study to prove that a care bundle for reducing mechanical irritation (including three intervention parameters, which were a pre-scan for assessment vein diameter, postscan for fixation according to assessment of catheter tip position in the vein, and using polyurethane catheter to prevent catheter failure) was effective. The findings supported the hypothesis confirming the effectiveness of the care bundle in catheter failure prevention based on vein diameter measurement and appropriate catheter tip position.
Outcome interpretation. The incidence of catheter failure in the intervention and control groups was 11.1% and 29.2%, respectively. Compared to the control group, the intervention group had a relative risk reduction of >60% and NNT of 6.04, suggesting that the intervention was highly effective. Moreover, the care bundle prolonged catheter survival time by preventing catheter failure. This could be explained by mechanical irritation reduction because of selecting large diameter of vein and appropriate catheter tip position. Previous studies reported that mechanical irritation to vein wall by catheter was an important etiological factor for catheter failure 10, 16, 19, 32 . This may cause local inflammation and coagulation and lead to thrombus and infection; to prevent these adverse effects along with mechanical irritation, several studies have reported development of catheter materials and fixation methods 24, [33] [34] [35] [36] [37] [38] [39] . However, these studies could not evaluate the effectiveness for reducing catheter failure incidence because these trials did not observe actual veins and catheters. In the present study, using US to find the largest vein diameter (pre-scan) and the appropriate catheter tip position (post-scan) was effective in reducing mechanical irritation and solving the existing problem. Furthermore, because it was possible to identify the largest blood vessel, it was possible not only to achieve mechanical stimulation, but also potentially prevent thrombus formation due to those vessel's enhanced blood flow.
Our previous study suggested that polyurethane catheter could reduce catheter failure 23 . This study might not show the effectiveness of the catheter material that was one intervention parameter compared with pre-scan for assessment vein diameter and post-scan for fixation according to the assessment of catheter tip position. Catheter failure caused by mechanical irritation might have been solved by selection of a larger-diameter vein and confirmation of the catheter position using US, which weakened the effect of the catheter material on catheter failure incidence. However, this analysis was conducted in a case where the care bundle was performed; therefore, it does not deny the effectiveness of the polyurethane catheter.
In the analysis for risk factors of catheter failure, hyperosmotic drugs, catheter placement on the back of the hands, and CRP were found to be associated. The catheter placement to hands has already been pointed out as a risk factor of catheter failure in many studies. The reason was that the insertion site was near the joint with wide range, the stability of the catheter is insufficient, and continuous mechanical stimulation might be placed on the vessel wall by the catheter. CRP was an indicator of the patient's general inflammation condition and treatment situation and identifying its direct causal relationship is difficult.
The hyperosmotic solution such as amino acid solution was also a risk factor that has been pointed out [40] [41] [42] . Administration of high concentrations of drugs has been reported to result in development of severe ulcers 43, 44 . This hyperosmotic solution was allowed to be administered via PIVC according to the guideline 45 . In this study, the use of hyperosmotic solution had three times higher risk for developing catheter failure. The odds ratio using this care bundle was one third and the use of hyperosmotic solution is almost equal in absolute effectiveness. The use of hyperosmotic solution almost eliminates the decrease in incidences of catheter failure on using the care bundles.
Internal validity. There are three internal validity concerns, which are the research design, US examination method, and outcome evaluation challenges. First, regarding research design, this study was not an RCT. The effectiveness of the intervention was verified using a propensity score. When evaluating the propensity score, the fitness was good (C > 0.8), and the difference between the intervention and control groups in the almost feature quantities at baseline disappeared, i.e., that the propensity score matching was successful in making pseudo-randomized groups. In this study, the number of catheterizations catheterization times could not be completely adjusted via propensity score. However, independent patient analysis showed that this bias effect was minimal. There might be a risk for overestimation of catheter failure incidence, on using the Hawthorne effect 46 because the nurses in the control group were aware that catheter failure was being evaluated due to non-blind Continued study design. Therefore, the nurses in the control group might have been more careful to prevent catheter failure during the research period. However, in the control group, the incidence of catheter failure in this study was the same rate as in our previous study 7 . Therefore, this study showed that the care bundle was highly effective in reducing incidence of catheter failure. Next, there was a threat of internal validity regarding the US examination method, and the quality of the intervention greatly differed. Generally, US operation depends on the operator's skill and technique. Since this study was carried out by a researcher who was trained sufficiently, the quality of pre-scan and post-scan technique using US was well controlled.
The last concern was outcome evaluation challenges. In the present study, the assessment of catheter failure was performed by clinical nurses in two wards, which may have affected the incident rate of catheter failure depending on the nurse's ability. However, there were no differences in the experience of catheter insertion times among nurses, and they received the same education using the hospital guideline for PIVC management in those two wards.
External validity and clinical implementation.
There were two external validity concerns, which were the target population and the intervention methods. The participants of this study were patients from urban areas who were hospitalized in an acute care university hospital and had an average age of about 65 years. There were many patients over 80 years who needed infusion therapy in long-term facilities. It may be difficult to detect large vessels in elderly people even through US; pre-scan and post-scan to detect the vessel and fixed catheter tip position were introduced.
External validity may be questioned in whether the nurses can perform US examination. Recently, some studies have reported the effectiveness of US examination in nursing care including the assessment of swallowing, urine volume, constipation, and pressure ulcers [47] [48] [49] [50] [51] [52] [53] [54] . Convenient use of US like a stethoscope by a nurse could result in the provision of a higher quality of care 55 . When this care bundle for reducing catheter failure is implemented into actual clinical setting, the standardized education program of US examination to using PIVC for preventing catheter failure will be needed.
Limitations. This study had two limitations. First, all US examinations were conducted by the researcher, and images were not blinded at the time of image acquisition. Second, the outcome was premature removal. In other words, even if the catheter was not removed, we could not find a patient with symptoms. 
Further research.
High-concentration drug administration was found as a high-risk factor of catheter failure in this study. In cases of high-concentration drug administration, it is very popular to select central veins because mixing the drug with rich blood flow can reduce the chemical side effects to the local vein. One of the insertion catheters for the central vein is the peripherally inserted central catheter (PICC) [56] [57] [58] [59] [60] [61] . However, a PICC cannot be used for all cases owing to the risk of mispuncture when approaching the central vein, severe infection, and thrombus 58, 61, 62 . Considering the home care setting in Japan for the future, it may be necessary to introduce new vascular access devices such as midline catheters instead of the PICC because the midline catheter can be placed in the basilic vein at the upper arm, which has rich blood flow, rather than a peripheral vein in the forearm to reduce the risk of infection and thrombus. Moreover, it is easier for nurses to use this type of catheter as a conventional PIVC. If we introduce a midline catheter place in the brachial vein, US guidance is needed. Healthcare providers including nurses need to learn US-guided insertion method. Therefore, it is necessary to establish a new safety system for midline catheterization with US guide. We plan to start developing a nursing education program and new vascular access device in collaboration with industries.
conclusion This intervention study showed the significant reduction of catheter failure incidence using care bundle for reducing mechanical irritation, which included a pre-scan for the assessment vein diameter, post-scan for fixation according to the assessment of catheter tip position in the vein, and use of a polyurethane catheter in the clinical setting by nurses with the aid of US. This showed that the incidence of catheter failure in the intervention group was significantly lower than that in the control group.
Methods
Hypothesis. The care bundle reduces mechanical irritation and decreases the incidence of catheter failure compared to conventional care practices.
Study design.
An RCT design is considered ideal to examine intervention effects 63 . However, conducting an RCT is difficult owing to ethical concerns and feasibility in clinical setting. In this study, when examining the effect using RCT design in each catheter or patients, avoiding contamination among nurses working in the same department was difficult. Therefore, we adopted a non-randomized comparative non-blinding study design. This study was registered with the UMIN Clinical Trials Registry (UMIN000029850). The full trial protocol is available at https://upload.umin.ac.jp/cgi-open-bin/ctr/ctr_view.cgi?recptno = R000034094.
Setting and recruitment. This study was conducted at the university of Toyo hospital in Japan between
July and November 2017. The participants were recruited from two departments with high PIVC use, which was determined based on previous studies 64 , and no patients with extremely different attributes. Participants included patients ≥20 years who were hospitalized and received infusion therapy via a PIVC that was placed by nurses.
Patients receiving chemotherapy and those with poor cognitive ability were excluded. The study procedures were explained to the doctors and nurses working in the ward at the beginning of the study period. Upon admission, patients who were expected to receive PIVC as part of their treatment were provided a written briefing of the study. Moreover, permission for patient intervention was obtained from the physician.
Intervention procedures. The definition of intervention was performing three items in the care bundle as follows: pre-scan for assessment vein diameter, post-scan for fixation according assessment catheter tip position in the vein, and using a polyurethane catheter. Intervention procedures were performed as follows. Prior to the data collection period, nurses received lectures and underwent briefing sessions for 30 min. Figure 3 diagrams a timeline of catheter use in the intervention group. The procedure for the intervention group for each catheter was as follows. First, the nurse inserting the PIVC assessed the site to be punctured and relayed the findings to a researcher. Second, the researcher assessed www.nature.com/scientificreports www.nature.com/scientificreports/ vein size and location using US (pre-scan). Third, the researcher relayed the US examination results to the clinical nurse, who then decided the puncture point and performed the insertion. The nurses used a polyurethane catheter (Surflo ® V3; Terumo Corporation, Tokyo, Japan) in the intervention group. Depending on their comfort level, they chose either a Teflon or polyurethane catheter. After insertion, the researcher and clinical nurse observe and adjust the catheter tip position in the vein under US guidance (post-scan). The nurse carefully adjusted the catheter tip position to prevent pain due to unintentional removal of the catheter. We planned to complete the procedure within a maximum of one minute and stop immediately if the patient complains of discomfort or pain. Figure 4 shows the key ultrasound images and reference markers. The researcher measured vein diameter and depth and assessed catheter tip position using US as a surrogate outcome. Vein diameter was calculated as the sum of the major axis and minor axis divided by 2. The major axis was the longest diameter, and the minor axis was perpendicular to the major axis. The major and minor axes were measured three times using the US image (0.04 mm/pixel). The mean of the three measurements was used for analysis 22, 65 . On identifying a target vein, the evaluators obtained a transverse image of the vein to measure the vein depth (distance from the skin surface to the superficial vein wall), and the mean of three measurements was used for analysis. The most appropriate catheter tip position was defined as the location in the lower side or centre of the vein that had no attached vein wall. Based on the post-scan, the tip was positioned within the blood vessel with careful attention to avoid pulling out the catheter. If contact deformed the blood vessel during insertion, it was immediately released. This was completed only in the cases where it was necessary.
The control group of patients was inserted with catheters using conventional care practices. The procedures for the control group were as follows: a nurse placed the PIVC and started intravenous therapy per routine practice with a Teflon ® catheter according to implementation criteria in the hospital. Within 24 hours after cannulation, a researcher visually inspected the condition of the PIVC puncture site (using a photographic device, visually inspecting the site, and asking the patient about their pain) and used an US to measure vein diameter and depth.
Outcomes. The primary outcome was catheter failure (i.e., unplanned PIVC removal before completion of therapy), defined as a composite of the following catheter-related complications: complete dislodgement (the entire PIVC dislodged from the patient's body), occlusion (the PIVC would not infuse or leakage was exhibited when fluid was infused), phlebitis (defined by the presence of one or more of the following symptoms: pain or tenderness, redness, swelling, and purulence with or without a palpable cord), or infection (presence of primary bloodstream infection or laboratory confirmed local PIVC infection), defined as unplanned removal of catheters based on standard nursing practice for using PIVC in this hospital, according to the Centers for Disease Control and Prevention guidelines. Information regarding catheter failure was obtained from the medical chart and interviews. Catheter insertion and removal, as well as data regarding time, were described in the medical charts at these wards. The researcher made direct observations at least twice a day, and interviewed nurses and patients as often as possible. The researcher also collected dwell time (survival rate) with the occurrence of problems with catheter failure.
Other variables. The following data were collected by reviewing medical charts. Patient-related information included age, sex, body mass index (BMI), comorbidities (tumour or not at each organ), medical history (diabetes), and previous treatments (history of use of steroids, chemotherapeutic solutions, immunosuppressive solutions, anticoagulants, and radiation therapy); blood examination results included C-reactive protein (CRP), albumin, and platelet levels; administered medications at the baseline (use of hyperosmotic solutions, antibiotics, and fat emulsifiers); level of need for nursing (Kangodo [UMIN http://www.umin.ac.jp/kagoshima/]); and total time of locking. Nurse-related information included frequency of catheterization 66 . The following data were collected through macroscopic observation: characteristics of the catheterization site position (anatomical insertion site, dominant vein, success of first catheterization attempt, and number of catheterizations catheterization www.nature.com/scientificreports www.nature.com/scientificreports/ times) and PIVC type (catheter material and size). The characteristics of the target vein (diameter and depth) and catheter tip position in the vein were determined using US examination according to the methods described in a previous study 22 .
Sample size and study power. The setting was as follows: main analysis method, comparison of proportions; two-sided chi-square test; sample size, 356 catheters (178 catheters per group) with an effect size of 0.15 (occurrence in the intervention group, 15%; occurrence in the control group, 30% according to previous study 7 ), assuming a 10% dropout rate when setting α error = 0.05 and β error = 0.1 on power analysis. Data were collected over the same time period.
Statistics. Statistical analysis was performed using SPSS version 22.0 (IBM Corp., New York, NY, USA) and JMP Pro software version 13.0.0 (SAS Institute, Cary, NC, USA). A p value < 0.05 was considered statistically significant.
The cumulative incidence rate of catheter failure during study periods, and the rate for each group per 1,000 device days as incidence rate (number of failures divided by the number of days catheterized then divided by 1,000) were calculated. We used Kaplan-Meier survival curves to compare rates of time until catheter failure between groups.
To minimize selection bias, we used inverse probability weighting (IPW) [67] [68] [69] . Propensity scores were calculated using multiple logistic regression to predict the probability of each patient receiving intervention, using all subject characteristic, including age, sex, BMI, primary disease, disease history, therapy (steroids, chemotherapy, immunosuppressant, radiation therapy, and anticoagulant), blood data (CRP, albumin, and platelet at baseline), number of catheterizations catheterization times, medicine administration, level of need for nursing (Kangodo), and level of nurse experience in PIVC insertion 66 . After propensity scores were calculated, intervention and control groups were balanced using IPW of propensity score.
Next, a multiple logistic regression analysis was used to estimate odds ratio (OR) and 95% confidence interval of factors contributing to catheter failure (n = 422). Variables with p values < 0.05 in the univariate analysis were selected to be entered into hierarchical logistic regression analysis. Spearman rank correlation coefficients among the candidates for analyses were calculated for continuous variables. If coefficients >0.4 were found between the Figure 4 . Definitions of measurement items in ultrasonographic images. (A) showed a short-axis ultrasonographic image of a vein with an inserted PIVC tip (arrow head). White arrows indicate the major and minor axis lengths. Vessel diameter was defined as [major axis + minor axis]/2. The major axis was the longest diameter. The minor axis was perpendicular to the major axis. Black arrows indicate depth defined as [distance from the skin surface to the nearest wall of vessel]. (B) showed schematic diagram of short axis image. Appropriate catheter tip position was defined as the location in the lower side or at the centre of the vein without being attached to the vessel wall (dashed circle). (C) showed a typical case that is no-good in post-scan. Normally, the catheter should lie along the blood vessel, but in this case it is lifted to the skin side. In such a state, mechanical stimulation is particularly enhanced. As a result, the catheter tip position is subject to adjustment. Abbreviation: PIVC, peripheral intravenous catheter.
